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Abstract 
Characterization of the compound formed in the reaction between the ligand di-n-butyldithiophosphoric acid (DBDTP) and 
gadolinium(III) ion, and a prediction of the possible molecular structure of the synthesized compound, using molecular modelling 
have been carried out. Ultraviolet spectra of the resulted compound showed a bathochromic shift from 197.3 to 210.0 nm, due to 
the formation of Gd-S bonds. Infrared spectra of the compound showed absorptions at 1,494 and 1,394 cm-1, probably due to the 
in-plane vibration of Gd-S bonds.  Mass spectra of the compound showed a peak at an m/z of 919.632, which corresponds to the 
calculated molecular mass of [Gd(DBDTP)3(H2O)2]. X-ray powder diffraction measurements showed that the compound had a 
hexagonal shape with the lattice parameters a = 9.97 and  c = 9.09 Å. From the experimental results, including those of molecular 
modelling, it can be drawn a conclusion  that the complex molecule consisted of one gadolinium atom, which bound three di-n-
butyldithiophosphate and two water ligand molecules. 
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1. Introduction 
 
 Dialkyldithiophosphoric acids have been investigated intensively and used for solvent extraction1,2,3 and 
chromatographic separation3 of transition metals. It has been proved that one particular homolog, such as di-n-butyl 
dithiophosphoric acid (DBDTP), possesses better properties than the shorter homologs have, as an extractant3.  
Many researchers are now attracted to developing methods for the extraction of rare-earth elements from their 
minerals4. This is due to the increasing demand for rare-earth elements, which are widely used in high technology 
applications, such as computer industry, tele-communication, and nuclear energy5,6,7. Gadolinium contained in 
monazite for example, because of its high paramagnetic properties has been used to synthesize various gadolinium-
based contrast agents, such as gadolinium-diethylenetriaminepentaacetate (Gd-DTPA), which are important in 
medical diagnosis using Resonance Magnetic Imaging.  
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Phosphorus-containing reagents have been used in the separation of REEs since 1960s, when a method of 
separation of minor trivalent actinide from rare-earth fission products was developed at Oak Ridge National 
Laboratory8,9,10. Solvent extraction methods using various ligands as an extractant to produce pure REE’s from their 
minerals are still being developed. Now, some marketed ligands, including tributylphosphate and  
diethylhexylpentaacetate have been used for the extraction of rare-earth metals. To the best of our knowledge, 
despite extraction studies of REEs with DBDTP have been done4,11,12  no report on detailed study has been published 
on the molecular structure of the complexes formed in the reaction between di-n-butyldithiophosphoric acid and 
REEs, in the extraction processes. Chemical computation study on the molecular structure of any REE’s complex 
with di-n-butyldithiophosphoric acid has not been done so far neither. 
This study is aimed at synthesizing and characterizing the product of the reaction between DBDTP and 
gadolinium(III) ion. In addition, the molecular structure of the compound was also determined by using the method 
of molecular modelling. The results of this study could be the basis for the successful use of DBDTP as a reagent for 
the extraction of REEs, gadolinium in particular, from its minerals. 
 
2. Materials And Method 
 
Experiments were carried out using chemicals of pure-, or reagent- or analytical grade, as required. Main 
chemicals used consisted of n-butyl alcohol, phosphorus pentasulphide, methyl alcohol, n-hexane, ethyl acetate, 
nitric acid, sulphuric acid, and gadolinium oxide.  
Among general laboratory apparatus employed in the experiments were beakers, measuring flaks, measuring 
cylinders, watch glasses, a reflux condenser, and a magnetic stirrer.  
Instruments used for identification and analysis of reaction products resulted consisted of a melting point 
apparatus (Metler MP50), a UV spectrophotometer (Perkin Elmer Lambda 35), a Fourier Transform Infrared 
spectrophotometer  (Perkin Elmer Spectrum 100), a mass spectrometer (Waters), a Scanning Electron Microscope 
(Hitachi TM3000) and  an X-ray Diffraction spectrometer (Philips Analytical PW1710 BASED). 
The software Chem Bio3D Ultra 12.0 with the MM2 method was used in the molecular modelling work. 
 
3. Experimental 
 
3.1. Preparation of di-n-butyldithiophosphoric acid (as its sodium salt) 
 
 Di-n-butyldithiophosphoric acid was prepared according to the method described in the literature3. To a weighed 
amount of phosphorous pentasulphide (2.8 g) placed in a three necked round bottomed flask (250 mL capacity) 
equipped with a reflux condenser, n-butyl alcohol (25 mL) was added. The mixture was heated under reflux, on a 
water bath at 80oC, for about 30 minutes, with a constant stirring. The reaction was carried out in a nitrogen 
environment, in order to prevent oxidation of the ligand formed during the reaction, to form a disulphide.  This was 
done by flowing gaseous nitrogen from a pressurized cylinder to the reaction mixture during the course of the 
reaction. The resulted reaction mixture was allowed to cool and then neutralized by adding sodium hydroxide 
solution. The resulted neutral reaction mixture was evaporated to dryness under reduced pressure, using a vacuum 
evaporator, leaving a residue of sodium di-n-butyldithiophosphate (Na-DBDTP). The residue was purified by 
washing with methyl alcohol and or crystallizing from methyl alcohol. The resulted pure crystals were checked for 
its purity and identified. 
 
3.2. Preparation of 0.3 N sodium di-n-butyldithiophosphate solution 
 
A weighed amount of sodium di-n-butyldithiophosphate (0.726 g) was dissolved in distilled water and diluted to 
10 mL in a volumetric flask. 
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3.3. Preparation of 0.1 M gadolinium (III) ion solution 
 
 To a weighed amount of gadolinium oxide (0.172 g.) a methyl alcohol-nitric acid mixture was added. The 
mixture was heated until all the solid gadolinium oxide had dissolved and a clear solution had been resulted. After 
adjusting its pH to 2.0, the solution was diluted with the same solvent up to 10 mL to result in 0.1 M gadolinium 
(III) ion solution.  
 
3.4. Reaction between gadolinium ion with sodium di-n-butyldithiophosphate  
 
 Into a portion of 0.1 M gadolinium (III) ion solution (10 mL), a portion of 0.3 M sodium di-n-butyl 
dithiophosphate solution (10 mL) was added. The reaction mixture was shaken, and allowed to stand for a few 
seconds. The reaction was carried out at the pH of 10. The solid product resulted from the reaction was purified and 
the final pure product was characterized for its identity. 
 
3.5. Characterization of the reaction products 
 
 The ligand DBDTP was checked for its purity by determining its melting point and its molecular weight, while 
the product of the reaction between DBDBTP and Gd(III) ion were characterized using different methods consisting 
of determination of melting points, and recording ultraviolet spectra, infrared spectra, mass spectra, and X-ray 
diffraction spectra of the compounds under investigation.  
 
3.6. Molecular Modelling 
 
 The MM2 method (software Chem Bio3D Ultra 12.0) was used to predict the structure of the complex 
compound formed in the reaction between the ligand di-n-butyldithiohosphoric acid (DBDTP) and gadolinium(III) 
ion. 
 
4. Results And Discussion 
 
4.1. Preparation of the ligand di-n-butyldithiophosphoric acid 
 
 Preparation of the ligand was firstly done prior to making its reaction with gadolinium (III) ion, to produce a 
reaction product, which is the main subject of this study. The following is a proposed reaction mechanism reported3 
about 25 years ago (Figure 1). 
The reaction involved consecutive additions of electronegative group of butyl alcohol to the four equivalent P=S 
double bonds of phosphorus pentasulphide, followed by breaking down of the molecule into two molecules of di-n-
butyldithiophosphates and gaseous dihydrogen sulphide. Phosphorus pentasulphide is easy to hydrolyze with air, 
produce disulphide, dihydrogen sulphide, and phosphoric acid3,13, during the preparation of the ligand. Thus 
prevention of formation of the side product has been done, by making the reaction in the nitrogen atmosphere. 
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     Fig. 1.     Proposed reaction mechanism of formation of the ligand di-n-butyldithiophosphate from  
      the reaction between phosphorus pentasulphide and n-butyl alcohol3  
 
The resulted ligand Na-DBDTP was white crystals with a sharp melting point of 88.4 °C, completely soluble in 
water. Figure 2 shows 50 µm long and crystals shaped of sodium di-n-butyldithiophosphate recorded on a scanning 
electron microscope. 
 
 
               
 
                    Fig. 2.  A photograph of sodium di-n-butyldithiophosphate taken using a scanning electron  
                   microscope, with a magnification of 1800 times. 
 
 
 
4.2. Characterization of the reaction product between gadolinium (III) Ion with di-n-butyldithiophosphoric acid 
 
 The ultraviolet spectra of the product of the reaction between gadolinium (III) ion with sodium-di-n-butyl 
dithiophosphate, which is overlaid with the spectra of the ligand, is shown in Figure 3 below. 
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       Fig. 3.   Overlaid  ultraviolet spectra of Na-di-n-butyldithiophosphate (red line) with that of  
       its reaction product with gadolinium (III) ion (green dot line). 
 
 
 
 
The spectra show a bathochromic shift, a change of maximum absorption from 197.3 nm (the maximum 
absorption of the ligand originated from n → ߪ* electronic transition of the electron pairs on the oxygen atoms of 
the butoxyl groups) to 210 nm, due to delocalization of the electron pairs, which was probably caused by the 
complex formation between the ligand and gadolinium (III) ion that involved formation of S-Gd bonds. The spectra 
also show the disappearance of π → π* transition of the P = S bonds in the ligand molecule at 225 nm (the 
shoulder), due to delocalization of π electrons of the bonds, which in turn due to the complex compound formation. 
The overlaid infrared spectra of the product of the reaction between gadolinium (III) ion and sodium di-n-butyl 
dithiophosphate and of the ligand is shown in Figure 4 below. 
 
 
     Fig. 4.  Overlaid infrared spectra of the product of the reaction between gadolinium (III) ion  
    and sodium di-n-butyl dithiophosphate, and of the ligand. 
 
The infrared spectra of the ligand and complex compound show absorption at 3348 cm-1 originated from C-H 
stretching vibration and at 1635 cm-1 originated from C-H bending of the butoxyl groups. The infrared spectra of the 
Gd-DBDTP 
Na-DBDTP 
Na-DBDTP 
Gd-DBDTP 
212   U. Pratomo et al. /  Procedia Chemistry  17 ( 2015 )  207 – 215 
product of the reaction between gadolinium (III) ion and the ligand, show new absorption bands at the 1495 and 
1384 cm-1, probably originated from in-plane vibration of the Gd-S bonds of the complex compound formed.  
 
 
 
 
Fig. 5. The ESI-MS spectra of the ligand Na-di-n-butyldithiophosphate. 
 
The negative ion ESI-MS spectra of the ligand Na-DBDTP showed a molecular ion at an m/z of 241 (Figure 5). 
The m/z value corresponds to the calculated molecular weight of the ligand. Figure 6 below shows ESI-MS spectra 
of the product of the reaction between gadolinium (III) ion and the ligand. 
  
     Fig. 6.  ESI-MS spectra of the product of the reaction between gadolinium (III)  ion and the  
    ligand di-n-butyl dithiophosphate. 
 
The mass spectra show a molecular mass at an m/z of 920, which corresponds to the calculated molecular 
weight of [Gd(DBDTP)3(H2O)2], a complex molecule where one gadolinium atom bound three di-n-
butyldithiophosphate molecules and two aquo ligands. The value of lattice ligand Na-DBDTP are a=3.35, b=8.35, 
c=2,87 Å and proposed to have an orthorhombic shape. The proposed crystal structure is given below in Figure7.   
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(a)            (b 
      Fig. 7.    (a). Molecular structure of Na –di-n-butyldithiophosphate;  and   
       (b). Proposed crystal structure of  Na –di-n-butyldithiophosphate. 
 
Based on lattice value of complex compound [Gd(DBDTP)3(H2O)2], a=9,97 and  c=9,09 Å, the resulted crystals 
of the product of the reaction between gadolinium (III) ion and the ligand have a hexagonal shape (Figure 8). 
 
 
 
 
 
 
  
 
 
 
     Fig. 8.  Proposed crystal shape of the product of reaction between gadolinium (III) ion and  
    the ligand di-n-butyldithiophosphate. 
 
Thus, all the data discussed above confirm the expected molecular structure of the complex, and lead to propose that 
the crystals of the prepared complex had a hexagonal shape. Using the MM2 method (with the software Chem 
Bio3D Ultra 12.0), data of the minimum steric hindrance for the possible structure of the complex compound 
formed in reaction between gadolinium (III) ion and the ligand di-n-butyldithiophosphate were collected  and 
presented in Table 1 below. 
 
                                          Table 1. Data of steric hindrance energy using the mm2 method. 
Coordination 
Number 
Ligand 
Steric Hindrance Energy 
(Kcal/mole) 
6 3 ligands DBDTP 168,7826 
7 1 ligand DBDTP and 5 H2O 542,9273 
 2 ligands DBDTP and 3 H2O 174,2695 
 3 ligands DBDTP and 1 H2O 149,5103 
8 1 ligands DBDTP and 6 H2O 773,4323 
 2 ligands DBDTP and 4 H2O 382,3853 
 3 ligands DBDTP and 2 H2O 136,7186 
 4 ligands DBDTP 240,4379 
9 1 ligand DBDTP and 7 H2O 2350,401 
 2 ligands DBDTP and 5 H2O 423,4621 
 3 ligands DBDTP and 3 H2O 231,4621 
 4 ligands DBDTP and 1 H2O 1083,323 
 
 
As is shown in Table 1 with a coordination number of 8, the molecule will have a molecular structure where 
gadolinium ion bound 3 DBDTP and 2 water ligand molecules and will have the lowest steric hindrance. Thus, the 
GdPTDBD
O
O
PTDBD DBDTP
P SNaS
OC4H9
OC4H9
P SNaNaS
S
S
OC4H9
C4H9O
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predicted molecular structure of the compound can be drawn as follows (Figure 9): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Fig. 9.   Proposed molecular structure  of the complex compound formed in the reaction between 
gadolinium (III) ion and the ligand di-n-butyldithiophosphate using molecular modelling, 
the complex [Gd(DBDTP)3(H2O)2]. 
 
 
Conclusion 
 The compound formed in the reaction between the ligand di-n-butyldithiophosphate and gadolinium ion has 
been identified by spectroscopic methods and predicted using molecular modelling  to be bis(aquo)tris(di-n-
buthyldithiophosphato) gadolinium (III), [Gd(DBDTP)3(H2O)2]. 
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